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Abstact

The turbulent flow field in a simulated annular seal

with a large clearance/radius ratio (0.015) and a whirling

rotor was simulated using an advanced 3-D CFD code

SCISEAL. A circular whirl orbit with synchronous whirl

was imposed on the rotor center. The flow field was

rendered quasi-steady by making a transformation to a

rotating frame. Standard k-_ model with wall functions
was used to treat the turbulence. Experimentally measured

values of flow parameters were used to specify the seal

inlet and exit boundary conditions. The computed flow-

field in terms of the velocity and pressure is compared

with the experimental measurements inside the seal. The

agreement between the numerical results and experimental
data with correction is fair to good. The capability of

current advanced CFD methodology to analyze this

complex flow field is demonstrated. The methodology
can also be extended to other whirl frequencies. Half-(or

sub-) synchronous (fluid film unstable motion) and

synchronous (rotor centrifugal force unbalance) whirls
are the most unstable whirl modes in turbomachinery

seals, and the flow code capability of simulating the flows

in steady as well as whirling seals will prove to be

extremely useful in the design, analyses and performance

predictions of annular as well as other types of seals.
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c Nominal clearance between states and

rotor,m

D rotor diameter, m

e rotor eccentricity, m

L seal length, m

R rotor radius, m

P static pressure, Pa

P* PL/(c AP)

AP Pressure drop across the seal, (80.8 kPa

for present case)
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mean and velocity, m/s

Cartesian velocity components, in x,

y, and z directions, m/s

Cylindrical velocity components in

tangential, radialand axial

directions, m/s

velocity vector m/s

Normalized velocity components

rotor surface tangential velocity, m/s
Cartesian reference directions

components of metric tensor
Jacobian of transformation

turbulence kinetic energy m21s2

generalized coordinate direction
contravarient base vector

Kronecker delta

molecular and turbulent dynamic vis-

cosity, Pa.s
molecular and turbulent kinetic vis-

cosity m2/s

fluid density, kg/m3

eccentricity ratio, turbulence dissipation

rotor spin angular velocity rad/s

rotor whirl angular velocity, rad/s

position vector, m

Introduction

Turbomachinery seals are usually noncontacting,

and allow a leakage flow. Since the clearances are small,
variations in the rotor position during the operation can
alter the fluid flow in the seals and hence the fluid reaction

on the rotor. The change in reaction forces can destabilize

the rotor, e.g., in a labyrinth seal or provide stability, e.g.,

a damper seal. Evaluation of the seal rotordynamic forces

has been a topic of interest for a long time with Black's1

treatment of the centrifugal pumps as one of the early
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efforts. Subsequent methods for the computations of

rotordynamics include the bulk flow models developed

by Childs2 which treat the seal as a single volume.

Subsequent refinements include 2-D models3 where the

flow properties are averaged over the fluid film, but the

variations along the circumference and axial directions

are treated. Recent advances in the computational fluid

dynamics (CFD) methods have prompted the development
of 3-D CFD codes based on the full Navier-Stokes

equations for analysis of flows and rotordynamics in
seals. Tam4 et.al, conducted a detailed study of the flow
in seals and used the flow solutions to calculate the

rotordynamic coefficients as well as to give an insight

into the complexities of flows in seals with whirling rotor.

A perturbation method based on finite-difference

techniques for seals was developed by Dietzen and

Nordmann.5 A finite-element perturbation model based

on Navier-Stokes equation solutions has also been

developed by Baskharone and Hensel6.7 to treat the

rotordynamics arising out of rotor whirl. A 3-D CFD code
SCISEAL, based on Navier-Stokes equations and offering

a variety of capabilities such as rotordynamies using the

rotor whirl as well as small perturbation methods and

turbulence models, has been developed by Athavale8-10
et.al.

The current state-of-the-art codes rely on a variety of
turbulence models to treat the turbulent flow fields that

exist in a large number of turbomachinery seals. These

models were developed for simpler flow configurations,

and it is always a goal to assess the accuracy of results

produced by these models when applied to seal problems.
Detailed flow-field measurements in representative seal

configurations that can be used to validate the computer

codes are very few. There are several studies that generated

data on integrated quantities such as rotor loads, and

rotordynamics, e.g. Refs. 11 and 12. LDA measurements
in annular as well as labyrinth seals have been reported by
Morrison et.a113,14 which considered centered seal rotors.

These experiments provided detailed measurements of

velocity and turbulence quantifies along the seals as well

as inlet profiles for CFD code validations. The CFD code
SCISEAL was used to numerically simulate these results

and a good correlation between the experiments and
numerical results was obtained for both the annular seal

and labyrinth seal.s

The large c/R = 0.015 represents a compromise

between a practical seal c/R = 0.0015 and the laser probe
volume to obtain LDA data profiles. A larger radius

facility should be fabricated and data acquired.

Recently, Thames,15 Morrison et.al,16A7 and

Winslowt8 have reported velocity, pressure and shear
stress measurements in a synchronous whirling annular

seal. This problem is important in rotor stability, because

the two most unstable flow related modes in an annular

seal are the rotor whirl at sub-synchronous and

synchronous whirl speeds; sub-synchronous is driven by

fluid film unstable motion (half is common place) and

synchronous unbalance is driven by rotor centrifual forces.

To generate detailed flow solutions in such problems, the

3-D CFD codes need to be used. As with any computational

methods, the models have to be continuously assessed for

their accuracy and the experimental data provided in
Refs. 15 to 18 can be used to validate the CFD codes.

The interest in the present study of simulating the

whirring seal flow using SCISEAL was two-fold. The

ftrst reason was to assess the accuracy of the code and

physical models for this type of problems, where frame
transformations are needed. Similar methodologies can

also be used to treat other types turbomachine seals and

components. Additionally SCISEAL offers a whirling
rotor method for calculations9 of the rotordynamic

coefficients in seals, where the flow with a circular rotor

whirl has to be simulated at several whirl frequencies.

Thus validation of the 3-D CFD code using this whirling

annular seal data is directly related to the accuracy of the

rotordynamic coefficient calculation procedure and a

direct comparison will be made between these data and
SCISEAL calcualtion.

Numerical Methodolo£,v

The computations were performed using SCISEAL,

an advanced 3-D CFD code developed under NASA

sponsorship for the flow and force analysis of a variety of

turbomachinery seals.8-10 The code uses a pressure-based

solution methodology to integrate the Navier-Stokes

equations in the generalized body-fitted-coordinate (BFC)

system. A finite-volume method is used to discretize the
flow domain and acolocated variable arrangement is used

where all the velocity and scalar variables are stored at the

center of each computational cell. Cartesian velocity

components are used as the primary velocity variables.

The basic flow equations that are solved can be written in

the BFC system as:

Continuity:

Momentum:

--_-_(Ji3) + -_k (JpQ • Ek / = 0

_t (JP_b) + _-_k (JP¢_ _r'£k )

(1)

(2)
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where p is the fluid density, _" is the local velocity vector,

and fcan be u,v, or w, the Cartesian velocity components.

The _k denote the local coordinate directions in the BFC
grid, and the transformation to the BFC grid from a

Cartesian system results in the transformation parameters:

J is the Jacobian, ek are the contravariant base vectors and

g j, kare elements of the metric tensor. S¢ represents the

source terms in each of the three momentum equations,

and includes the pressure gradient terms as well as all

other body and surface source terms.

The flow equations are integrated over space in a

sequential manner. The momentum equations are solved

with lagged pressure values to generate an intermediate

velocity field V (predictor step). The continuity and

momentum equations are combined, using a version of

the SIMPLEC method to yield a pressure correction

equation which is solved next. The solutions of the

pressure Poisson equation are then used to correct pressures
and velocities (corrector step). All the remaining scalar

equations are solved in succession after this step. The

whole process is repeated till a suitable convergence
criterion is reached.

SCISEAL code offers a variety of turbulence models
the treat the turbulent flow often encountered in seals.

These include the Baldwin-Lomax model, Standard k-e

model with wall functions, Low-Re number k-e model,

and a 2-layer k-E model useful in narrow seal passages. In

the present simulations the standard k-_model was utilized.

The experimental data of Thames15 also includes the

measurements of the Reynolds stresses in the seal flow,

and could be used to validate/compare with turbulence

models that can predict these. The code SCISEAL,

however does not have this capability. The current
calculations instead used the standard k-_ model which

assumes isotropic turbulence. The present effort involve

finding out how well a standard k-E model of turbulence

performs for this problem.
The whirling motion of the seal rotor makes the flow

time-dependent, and to solve it as such, special code

capabilities are needed. The motion of the rotor

continuously deforms the computational domain, and to
treat this, SCISEAL does offer a moving grid option

where the deforming flow domain and grid is regenerated

every time step and the time-accurate flow solutions are

generated.19 However, this process, necessary for most

analyses, is time-consuming and cosily. For the special
case when the rotor center whirls in a circular orbit, as in

the present case, it is possible to render the flow quasi-

steady by switching the reference flame to a rotating
frame. The rotation axis of this frame is aligned with the
axis of the stator and the frame is rotated at the whirl

speed. The momentum equations need additional body
force terms: the so called centrifugal and Coriolis terms,

and appropriate changes in the boundary conditions need
to be made. With these definitions, the flow can be solved

as steady, and this procedure was followed in the present

study. The "phase averaging" procedure that was used in

the presentation of the experimental data l8 also essentially
refers to this transformation.

Flow Q¢ometry and Conditions

The flow solutions were obtained for one of the set of

flow conditions that were considered in the experimental

data. A picture of the experimental rig (Ref. 15) is shown

in Fig. 1, and a schematic of the seal cross-section and

various definitions used in the computations is shown in

Fig. 2. The nominal seal dimensions were: rotor radius R

= 82.05 mm, nominal clearance c -- 1.27 ram, and a seal

length L = 37.3 mm. The whirl orbit radius for the

whirling rotor was e = 0.5c (50% eccentricity ratio). A

body fitted coordinate (BFC) grid with 40 cells in the
axial direction, 15 in the radial direction and 20 in the
circumferential direction was used in the simulations. A

larger grid in the radial direction would have put the near
wall cell too close to the wall for correct treatment of wall

functions. To achieve grid independent solutions, a higher
number of cells in the circumferential direction would

certainly be needed. In the present case, however, as the

experimental data was taken only at 20 stations along the
circumference, the present simulations used 20 cells as

well to simplify the profile interpolations for the inlet

boundary conditions. A higher number of cells in the
circumferential direction will need a surface interpolation

procedure that can handle the extremely narrow seal
clearances as well as the eccentricity.

The working fluid was water with a density of

996 kg/m3 and a dynamic viscosity of 7.8x I0-4 Pa.s. The

fluid was taken as incompressible and constant properties
were assumed. The standard k-e model of turbulence with

wall functions was used for turbulence treatment. The

convective fluxes were discretized using the second-

order accurate central-differencing method with 10%

damping added.

Results presented here are for the test case with a
nominal flow rate of 4.83 liters/s that corresponds to an

axial Reynolds number Re = 24000, and a rotor spin and

whirl speed of 3600 rpm, which corresponds to a Taylor
number Ta = 6600. The mean axial velocity Urn was

7.49 m/s, and the rotor surface tangential speed Wsh was
30.93 m/s.

Boun0ray Conditions

For this problem, a periodic boundary condition was
assumed in the circumferential direction. In the axial
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direction, specifications at the flow inlet and exit
boundaries were needed. The inlet boundary was placed

at the seal entrance, and experimentally measured

profiles 15of the axial, radial and tangential velocities and

the turbulent kinetic energy were used. The rig design

forces the flow at the ups_am from a much wider plenum

to the small seal gap, and this creates avena contracta in

the seal entrance region. To properly model this effect,

the inlet boundary in the computations should be placed

in the plenum region instead of the seal entrance. However,

the measurements go only to-0.026L i.e., upstream of the
seal entrance, and the measurement locations do not

extend in the plenum region, but span only the cross-
sectional area of the seal itself.

As mentioned before, a total of 20 stations along the

circumference were considered at the inlet boundary in

the experiments. A cubic spline interpolation procedure

was used to interpolate the measured values to the grid

cell faces. The experimental data could not be used in the

original form for two reasons: (a) the first data point away
from the wall was far enough from the wall to miss the

steep gradients near the walt and (b) the data was very

sparse in and near the minimum clearance region, with
one of the circumferential stations dropped out. In and

near the minimum clearance region only two data points

across the seal gap were available, and presented

difficulties in spline interpolation. In addition, there

seemed to be some clocking problems in the data tables

and the measurement points shown in Ref. 15. During the

interpolation procedure, additional points in the gap had

to be inferred to make the cubic spline procedure behave

properly, and to ensure that the net mass flow through the

seal corresponded with the experimental values. It should

be noted at this point that the data points that were added

also introduced some uncertainty in the computational
results that could not be avoided in the absence of better

experimental inlet profiles.
The downstream boundary was placed at the seal

exit. Static pressures were specified at this boundary, and

the remaining flow variables were extrapolated from

inside the flow field. The pressure across the narrow seal

gap was assumed to remain constant across the seal gap,

and only circumferential variations were considered. The

experimental data from WinslowlS was used to get this

pressure distribution.

The usual no-slip conditions were imposed on the
stator and rotor walls. In the absolute frame, the stator

wall is a fixed wall with zero velocity, while the rotor

undergoes a spin and a synchronous whirl motion, and the

rotor surface speed is a combination of both. At any given

time instant (Fig. 3(a)), the rotor wall velocity can be
described as:

_ =_x_+_xr_

where _r is the position vector for the rotor surface with

respect to the rotor center. For the seal configuration, the

spin and whirl velocity have non-zero components only in

the x direction: COxand _x. In Fig. 3, the x axis points into

the plane of the paper, and hence both the spin and whirl

velocities, COxand _x are in the negative x direction i.e.,

counterclockwise, looking along the direction of the axial
flow.

All of the inlet and wall velocity boundary conditions

above are specified in the stationary or the absolute frame

of reference. The computations, however, were carried

out in the rotating frame of reference, and appropriate

changes are needed in all velocity boundary conditions.

In this transformation the tangential velocity corresponding

to the solid body rotation:

fie=f2xR

where R is the position vector, is subtracted from the

absolute velocity at each point in the flow field. This is a

straightforward procedure at the inlet boundaries, but

imposes significant changes in the wall velocities that

change the nature of the problem. After accounting for the
transformation, the stator wall appears to move in the

opposite direction to the whirl (see Fig. 3(b)), while the

rotor wall velocity can now be written as:

where _r is the position vector of a point on the rotor

surface as before. For the case of the synchronous whirl

(t2x = COx)under consideration, the rotor wall velocity
reduces to zero. As a result of the transformation the stator

wall now appears to be moving in the opposite direction

to the rotor whirl, with the velocity

Vs = -_ x Rs (synchronous whirl only)

These untransformed and transformed frame wall

velocities are compared in Figs. 3(a) and (b). Flow in

Fig. 3(b) appears similar to the Couette flow seen in

bearings, with the difference that now the stator wall is

moving, while the rotor is stationary; moreover, the stator

wall is moving in the opposite direction to the rotor spin

and whirl. Thus, the motion of the stator wall generates a

pressure side that is in 'front' of the whirling rotor, and

the suction side that is 'behind' (referring to the spin

direction) which is exactly opposite to the case of a

spinning, eccentric bearing where these sides switch

places with respect to the rotor spin.
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This point needs to be emphasized, because the flow

physics in the whirling seal is not similar to a statically
eccentric, non-whirling bearing. The whirling seal is a

time-dependent moving grid problem, and as such is hard
to visualize. If one uses the rotating frame transformation

( or the phase averaging procedure), then the only proper

way to explain the flow physics is to consider the set of

boundary conditions shown in Fig. 3(b).

Results and Discussion

As remarked upon earlier, the case with Re = 2 4000,

and Ta = 6600 with a 50% eccentricity ratio was considered

in the study. The solution procedure was taken as

converged for this grid after a minimum of six orders of

magnitude of drop in the residuals of each of the flow

equations.
The results presented here are the values and variations

in the axial, radial and circumferential velocity components

in several cross-sections along the seal length and the

pressure variations at the stator wall as a 2-D function of
radial and circumferential direction.

Figures 4 to 6 show contour plots of the normalized

axial, radial and tangential velocities; the axial and

tangential velocities have been normalized using Urn,

while the shaft surface tangential velocity Wsh was used
to nondimensionaiize the flow tangential velocity.

The contours of the normalized axial velocity in

several Y-Z cross-sections along the axial length of the

seal are shown in Fig. 4. The axial velocities near the inlet

show a strong accelerating flow on the suction side while

the velocities on the pressure side are much lower. This is

consistent since the flow from the plenum is expected to

accelerate along the highest negative pressure gradient
which occurs on the suction side. As one moves further

along the axis, two effects are seen (a) the maximum

velocity magnitude tends to decrease, and the maximum

velocity region tends to occupy a higher cross-sectional

area, and (b) the region of the maximum velocity starts

shifting towards the pressure side. Halfway down the

seal, the computed maximum velocity drops to about 1.3

and occupies a large part of the crescent shaped higher

clearance area. Further along the seal, the maximum

velocity magnitude starts increasing, and the

corresponding cross-sectional flow area starts decreasing,
while the location of the maximum keeps shifting towards

the pressure side till it exits the seal where the maximum
normalized axial velocity climbs back to about 1.6. The

experimental values of these velocities are also shown

together with the simulated values at each cross-section

for comparison. As seen, the predicted values of the
maximum axial velocity and the location of the maximum

are in good agreement with the experiments. The numerical

predictions, however, show a much thicker boundary

layer in the middle portions of the seal as compared to the

experiments. This could be due in part to the grids used,
and to the turbulence models used in the calculations.

At this point, it should be emphasized again that this

behavior must be explained in terms of the transformed
coordinates. If one were to consider the problem in the

absolute frame, the shift of the maximum velocity region

from the suction side i.e. low pressure zone to the high

pressure side seems wrong, as the flow would seem to go

in the opposite direction to the pressure gradient. In
addition, it is taking place in a direction opposite to that

of the rotor spin/whirl in the absolute frame. This type of

reasoning can easily lead to an erroneous explanation of
the results as was outlined in Refs. 15 to 17. Instead, one

must look at the flow in the transformed frame, where the

pressure gradients in the circumferential direction are a

result of the Couette flow generated by the movin_ stator

wall, which "drags" the maximum velocity fluid pocket

in a direction opposite to the rotor spin/whirl, as seen in

Figs. 4(a) to (e).
The normalized radial velocity contours at the

corresponding axial cross-sections are plotted and

compared with experimental data in Figs. 5(a) to (e). At

the inlet, the experimental data shows fairly strong negative
radial velocities on the suction side near the rotor wall.

This is a result of the shape of the plenum which imparts

a strong inward radial component as the fluid enters the

seal. However, the corresponding high values of the
radial velocities are not seen in the computations, and part

of the reason is the inaccuracies in the interpolation of the

upstream velocity profiles, coarseness of the grid, and the

turbulence model. The computed radial flow velocities

decrease very quickly to a few percent of the mean axial

velocity, and stay fairly constant along the seal length, a

trend seen in the experiments. The magnitudes of the

radial velocity are comparable to the measured values,

but the experiments do not show the double-lobed structure

seen in the computations. Interestingly, such a structure

was seen in the experimental data for the same Taylor

number, but at a lower axial Reynolds number (Refs. 15

and 16)

Lastly, the normalized circumferential velocities are

plotted in Figs. 6(a) to (e). The computed and measured

velocity values in the absolute frame again correlate fairly
well at all cross sections. As seen, the swirl induced by the

rotor is confined near the rotor wall at the entrance of the

seal. With increasing axial distance, the swirl imparted
increases, and the contour lines spread across a higher

cross-sectional area. The contours are clearly lopsided,

with a higher spread towards the suction side, and this
behavior is also seen in the experimental data. One

difference between the two data sets is in the region near

the stator wall in the later part of the seal, where almost

concentric contour lines are seen in the experimental data.
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The differences could again be due to the numerical

predictions forreasons outlined above, or perhaps are due

to the inaccuracies in the experimental measurements and

plotting in the aboslute frame. Again we wish to point out

that this plot should have shown the relative velocities

rather than the absolute velocities to stay consistent with
the rest of the results as well as to avoid confusion.

However, as the experimental data was in absolute frame,

the absolute values were used for ease of comparison (it
should be noted that both the radial and axial values of the

velocities were also measured in the absolute frame, but
the frame transformation does not affect these two

components)

The pressures on the outer wall for this seal were

reported in Ref. 18. The pressure profiles from this data
set at the seal exit were used as the exit boundary condition

in the computations. The pressure on the outer wall as a
function of the 'time fraction' and the axial distance were

measured and a plot is shown in Fig. 7(a). Plotted in this
fashion, the time fraction also represents the

circumferential location of a point on the stator wall when

working with the transformed coordinates. In this plot,
the time fraction 0.5 corresponds to the minimum

clearance, the pressure side (ahead of rotor) is between
0.0 and 0.5 while the suction side is between 0.5 and 1.0.

A high pressure zone exists in the entrance region ahead

of the rotor (pressure side), and a low pressure zone exists

behind the rotor. As one progresses in the flow direction,
these zones reduce in intensity, and tend to get more

evenly distributed. Towards the exit of the seal the

measured pressures actually reverse locations, i.e. the

high pressure zone comes over on the suction side of the

rotor, while a lowerpressure was measured on the pressure
side of the rotor. In the numerical simulations, the relative

locations of the maximum and minimum pressures are

maintained all the way, although the difference between
the maximum and minimum values continuously

decreases. The experimental data shows several "bands"

along the axial directions, that generate a wavy pattern in
the circumferential direction; this feature is absent in the

simulations. It could be a result of the imperfections in the

rotor surface or the possible errors in the numerical

predictions as outlined earlier. The absolute values of the

maximum and minimum pressures are somewhat

underpredicted in the simulations. Calculations show

stator pressure values -14.9 < P'talc < 13.2 which are in

fair agreement with the experimental values

-24.6 < P*expt < 19.4.

To assess the assumption made earlier that the static

pressures across the gap stay constant, a plot of the

differences between the computed stator and rotor wall

pressures was made and is shown in Fig. 8. The results
show that over most of the seal area the two sets of

pressures follow each other closely except at the seal
entrance, where the differences are substantial. The rotor

wall has a much smaller static pressure on the suction side

of the rotor, and the low pressure zone occupies a large

portion of the circumference of the rotor. This low pressure

area is probably a result of the vena contracta seen at the

seal entrance, where the fast moving fluid was forced near

the rotor surface, on the suction side of the rotor. This low

pressure zone dissipates very quickly, within 2-3

computational cells from the entrance, and beyond this

area the pressures across the gap at a given point remains

fairly constant.

Taken as a whole, the CFD predictions show a fair to

good agreement with the measured pressure and

(corrected) velocity data from the experiments. Thus,

standard k-_ model is seen to have done a reasonable job

in this complex flow problem. Clearly, there is a need for
additional simulations with more elaborate turbulence

models that predict individual Reynolds stresses to see

how these models perform on this problem.

Summary_

The turbulent flow field in a synchronously whirling
annular seal were simulated using a 3-D CFD code. A

transformation to a rotating frame was done to render the

flow quasi-steady. In this frame, the computed flow fields

show a fair to good agreement with the experimental data,

and a consistent picture of the flow field and physics.

Although the standard k-e model used in this study

assumes isotropic turbulence, the model does a fair job of

predicting the behavior of the flow, which clearly has

anisotropic turbulence, both in qualitative and quantitative
terms.

Additional flow cases with other reported flow

conditions obviously need to be simulated for further
validation of the code. Simulations of these cases with

different available turbulence models such as Low-Re

model are also needed to validate the accuracy of these
models.
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Figure 1 .---Sectional view of the test rig (from ref. 15).
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Figure 2.-- Configuration of the whirling annular seal. The axial flow direction is into the plane of the

paper, and Cartesian X is also into the plane of the paper. Seal clearance is exaggerated for clarity.
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Figure 3._Rotor and stator wall velocities as seen in the two frames of reference used in the whirling

seal problem.
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Figure 4.--Contours of Ux/U m at various cross-sections along the seal axial length x. Seal whirl and spin in counter-

clockwise direction. Seal clearance exagerrated for clarity.
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Figure 4.--Continued.
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(a) x/L = 0.00125 x/L = 0.0

(b) x/L = 0.2125 x/L = 0.22

Numerical Experimental

Figure 5.--Contours of Ur/Um at various cross-sections along the seal axial length x. Seal whirl and spin in counterclockwise
direction. Seal clearance exagerrated for clarity.
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FigL_re5._Continued.
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Figure 5.--Concluded.
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(b) x/L = 0_2125 x/L = 0_22
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Figure 6._Contours of U(_sh at various cross-sections along the seal axial length x. Seal whirl and spin in counterclockwise

direction. Seal clearance exagerrated for clarity.
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Figure 6._Continued.
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Figure 6..--Concluded.
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Figure 7._Compadson of the calculated and experimental non-dimensional pressures on the stator wall,
P* = PI_/(c_P). (a) Numerical results. (b) Experimental results.
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Figure 8.--Plot of the differences in the static pressure values at the stator wall and the rotor wall

(P*d = P* stator-P* rotor)"
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